Mammalian cells respond to various kinds of stress, including nutritional stress, via pathways that are initiated by phosphorylation of the a subunit of the eukaryotic initiation factor 2 complex (eIF2a). Because the models used to study eIF2a-kinase-mediated responses to amino acid deficiency have commonly used media or diets devoid of 1 or more essential amino acids, we asked whether eIF2a-kinase-mediated responses would be induced in animals fed a more typical diet that was not as imbalanced as one in which 1 essential amino acid is totally absent. To answer this question, we fed rats soy protein-based diets that were either adequate or limiting in sulfur-containing amino acids (SAA). Rats fed a SAA-deficient diet (3.4 g methionine equivalents/kg diet) grew more slowly than rats fed the control diet (5.86 g methionine equivalents/kg diet). Analysis of liver from rats fed these diets for 7 d showed that the SAA-deficient rats had higher levels of eIF2a phosphorylation and higher levels of activating transcription factor (ATF) 4, ATF3, asparagine synthetase, solute carrier 7A11, cysteinyl-tRNA synthetase, and cystathionine g-lyase. On the other hand, components of the integrated stress response (ISR) known to promote apoptosis or translational recovery were not induced. Taken together, our results indicate that rats fed the SAA-deficient diet had a prolonged activation of an eIF2a kinase that leads to upregulation of adaptive components of the ISR.
Introduction
The ability of an organism to adapt to and cope with stress to defend homeostasis constitutes a crucial survival advantage, and the study of stress response mechanisms is of great interest in terms of possible applications to health promotion and disease prevention or treatment. Mammalian cells respond to various kinds of stress, including nutritional stress, via pathways that are initiated by phosphorylation of the a subunit of the eukaryotic initiation factor 2 heterotrimeric complex (eIF2a). 3 Mammalian eIF2a kinase 4, which is usually called general control of amino acid biosynthesis, nonderepressing 2 (GCN2) after its yeast ortholog, is responsible for the cellular response to a lack of essential amino acids (1) . Phosphorylation of eIF2a leads to simultaneous control of global and gene-specific translation, a response that is collectively referred to as the integrated stress response (ISR) (2) (3) (4) (5) . A key component of the ISR is an increase in translation of activating transcription factor (ATF) 4 (2, (5) (6) (7) (8) . The presence of inhibitory upstream open reading frames (ORF) promotes readthrough of the ATF4 translational start codon, preventing ATF4 translation under normal conditions in which ternary complex is abundant. Under stress conditions in which eIF2B is inhibited by eIF2a-P and ternary complex formation is reduced, ribosomal scanning through the inhibitory upstream ORF start codon is favored so that initiation occurs at the downstream ATF4 ORF start codon, allowing ATF4 to be translated. ATF4 then is involved in upregulation of expression of a subset of genes, including the ATF4 gene, at the transcriptional level.
Many of the genes known to be transcriptionally upregulated by the eIF2a-P/ATF4-mediated stress response pathway contain C/EBP-ATF composite sites that are also known as amino acid response elements (AARE) or CCAAT-enhancer binding proteinactivating transcription factor response elements (2, 7, 8) . Genes that have been clearly established to contain a functional AARE and to be transcriptionally induced by the eIF2a-P/ATF4 pathway include those encoding several transcription factors [ATF4, ATF3, C/EBPb, and C/EBP-homologous protein (CHOP)]; several members of the solute carrier (SLC) family amino acid transporters (sodium-coupled neutral amino acid transporter 20 or SLC38A2); high affinity cationic amino acid transporter 1 (CAT1) or SLC7A1; and the transporter subunit of the cystineglutamate exchanger X C -(xCT) or SLC7A11; an enzyme for amino acid biosynthesis [asparagine synthetase (ASNS)]; and a putative protein kinase [tribbles homolog 3 (TRIB3)] (2,7-13).
Studies in GCN2 knockout mice and murine cells have shown that the GCN2 pathway is the major signaling pathway involved in the up-and downregulation of gene expression in response to amino acid starvation. Studies in murine embryonic stem cells and immortalized embryonic fibroblasts showed that eIF2a phosphorylation was not activated in GCN2
2/2 cells exposed to leucine-devoid medium (14, 15) . Zhang et al. (14) further showed that perfused livers of GCN2 2/2 mice did not display induction of eIF2a phosphorylation in response to histidine deprivation as occurred in wild-type mice. Anthony et al. (16) reported that GCN2 2/2 mice fed a leucine-free diet for 1 h or 6 d did not show increased phosphorylation of hepatic eIF2a or restriction of liver protein synthesis, whereas increased phosphorylation of eIF2a and concomitant decreased protein synthesis were observed in liver of wild-type mice. Similarly, asparaginase treatment of GCN2 2/2 mice lowered asparagine levels but did not lead to increased phosphorylation of eIF2a, whereas hepatic eIF2a-P levels were increased in wild-type mice and in mice with a liver-specific deletion of a different eIF2a kinase (i.e. eIF2a kinase 3, also known as PERK) (17) .
Because the models used to study eIF2a-kinase-mediated responses to amino acid deficiency have commonly used media or diets devoid of 1 or more essential amino acids, we asked whether eIF2a-kinase-mediated responses would be induced in animals fed a more typical diet that was marginal in essential amino acid composition but not as imbalanced as one in which 1 essential amino acid is totally absent. To answer this question, we fed rats soy protein-based diets that were either adequate (+SAA) or limiting in sulfur-containing amino acids (2SAA) and evaluated eIF2a phosphorylation and protein expression levels for ATF4 and other ISR-target genes in liver of these rats.
Methods
Diets. Rat were fed a semipurified diet that contained 100 g of soy protein isolate plus 3.4 g L-methionine/kg diet (+SAA) or that contained 100 g of soy protein isolate but no supplemental SAA (2SAA) ( Table 1) . L-Threonine and L-lysine were added to both diets to ensure that the -SAA diet would be limiting only in SAA. These experimental diets were mixed with an equal volume of a hot 0.003% (wt:v) agar solution, cooled, refrigerated, and cut into cubes for feeding. The 2SAA diet provided 1.1 g of methionine plus 1.1 g of cyst(e)ine, or a total of 2.46 g of methionine equivalents (1.24 g cystine = 1.0 g methionine)/kg diet. With the addition of L-methionine, the +SAA diet provided a total of 5.86 methionine equivalents.
Rats, treatments, and sample collection. Male Sprague-Dawley rats (n = 24) that were~5 wk old and weighed~120 g were purchased from Harlan Sprague Dawley and housed in individual polycarbonate cages with corncob bedding at 208C and 60-70% humidity with light from 2100 to 0900 h. Rats were allowed free access to diet and water at all times. All rats were fed the +SAA diet for 1 wk prior to experimental group assignment. At the end of the acclimation week, the rats were distributed among 4 treatment groups using a random block design to ensure an even distribution of larger and smaller rats. Rats were fed the assigned experimental diets, with fresh diet given at the beginning of each dark cycle each day. Feed intake and body weight were measured at intervals. On d 8, 1 group of rats fed each diet was killed between 0800 and 0900 h (feed-deprived) and the other group fed each diet was killed between 1400 to 1500 h (fed). Rats were anesthetized with CO 2 and quickly decapitated. The liver was rapidly removed, rinsed with ice-cold saline, blotted, weighed, and quickly frozen in liquid nitrogen. Frozen tissues were stored at 2808C until analysis. Rats were killed and samples were collected in the order of assigned blocks, but rats within each block were killed randomly. All animal procedures were approved by the Cornell University Institutional Animal Care and Use Committee.
Analysis of protein expression levels. Rat liver was homogenized in TNESV lysis buffer supplemented with protease and phosphatase inhibitors [50 mmol/L Tris, pH 7.5, 1% (v:v) Nonidet P-40, 2 mmol/L EDTA, 150 mmol/L NaCl, and 10 mmol/L sodium orthovanadate] supplemented with 13 PhosSTOP phosphatase inhibitor cocktail (Roche Applied Science) and 13 Complete Protease Inhibitor Cocktail (Roche), to form 20% (wt:v) homogenates. Homogenates were centrifuged at 48C at 18,000 3 g for 20 min to obtain the soluble fraction. Nuclear extracts of liver were obtained by the method of Sha et al. (18) . Protein concentration was determined using the bicinchonic acid assay (Pierce) and equal amounts of total protein were loaded for western blotting. For western blotting, 50 mg of total supernatant protein from each sample was separated by one-dimensional SDS-PAGE (12% wt:v acrylamide) and electroblotted overnight onto 0.45-mm (pore size) Immobilon-P PVDF membranes (Millipore). Membranes were immunoblotted for proteins of interest using the following antibodies: anti-pS51-eIF2a, anti-eIF2a (total), and anti-b-actin from Cell Signaling Technology; anti-ATF4 (gift from M.S. Kilberg, University of Florida, Gainesville, FL); anti-ATF3 (C-19), anti-ASNS (C-14), anti-CHOP, anti-heat shock protein 5A (HSP5A), anti-TRIB3, and anti-growth arrest and DNAdamage-inducible protein 34 (GADD34) (H-193) from Santa Cruz Biotechnology; anti-SLC7A11 (xCT) and anti-cysteinyl-tRNA synthetase (CARS) from Abcam Inc; and anti-cystathionine g-lyase (CTH) from Abnova. Bands were visualized using horseradish peroxidasecoupled secondary antibodies and chemiluminescent substrates (West Dura, Pierce) and autoradiography. Visualization, normalization, and analysis of the bands were done as described by Dominy et al. (19) .
Measurement of hepatic glutathione and cysteine levels. Total intracellular cyst(e)ine levels were measured by a modified acid ninhydrin method of Gaitonde (20) as described by Dominy et al. (19) . Total glutathione levels were measured by the method of Cereser et al. (21) .
Statistical analysis. Results for the 2 dietary treatment groups and 2 time points were compared by 2-way ANOVA. Liver GSH values were transformed to log 10 prior to ANOVA. Results for all variables except nuclear CHOP levels were similar for both time points. Thus, except for Response of rats to amino acid deficiency 1081 the nuclear CHOP results, data for both time points were collapsed. Results for the 2 dietary treatments were analyzed by Student's t test.
Significance was accepted at P # 0.05.
Results
Upon switching from the +SAA diet to the 2SAA diet at the beginning of the experimental period, feed intake of the 2SAA group over the first 4 d was less (P # 0.01) than that of rats that continued to consume the +SAA diet and weight gain over the same 4 d was only 10% that for +SAA rats (Fig. 1A) . Rats appeared to adapt to the 2SAA diet, however, as both feed intake and weight gain of the 2SAA rats were much greater during d 5-7 of the diet treatment period. In fact, the feed intake of the 2SAA rats for the last 3 d of the diet treatment period did not differ from that of +SAA for control rats and mean weight gain was 66% of that for the +SAA rats. Although the 2SAA rats were smaller than the +SAA rats (152 6 3 vs. 181 6 2 g after 7 d of treatment), the differences in feed intake and weight gain remained when data were expressed relative to body weight (Fig.  1B) . Hepatic thiol levels, measured at the end of the 7-d dietary treatment period, were markedly lower in the 2SAA rats than in the +SAA rats. Total cysteine in the 2SAA rats was 49% of that in +SAA rats, whereas total glutathione was only 17% of the level in +SAA rats (Fig. 2) .
Phosphorylation of eIF2a (Ser 51 ) was induced in rats fed the 2SAA diet (Fig. 3A,B) . Values for eIF2a-P and total eIF2a did not differ for rats killed at the 2 different time points (feeddeprived vs. fed). The amount of eIF2a-P in liver of the 2SAA rats was 1.6 times that of the +SAA rats, whereas total eIF2a levels did not differ for livers of the 2SAA and +SAA rats.
Protein expression levels for ATF4 in liver of the 2SAA rats was 4.5 times that in liver of the +SAA rats (Fig. 4) . Expression of several other proteins whose genes contain a functional AARE and are induced by ATF4 was also higher in the 2SAA rats than in the +SAA rats. ATF3, ASNS and SLC7A11 protein levels in liver of the 2SAA rats were 2.4, 1.6, and 2.5 times, respectively, those for +SAA rats. Similarly, the level of CARS and CTH, 2 proteins involved in SAA metabolism whose gene expression (mRNA) levels were upregulated (.2-fold difference; P , 0.0001) in our previous studies of cysteine and leucine deprivation in HepG2 cells (22; A.K. Sikalidis, J-I. Lee, and M.H. Stipanuk, unpublished data), were also induced in liver of 2SAA rats to 1.6 and 2.1 times, respectively, the levels in liver of +SAA rats.
On the other hand, expression of CHOP was not detectable in liver homogenates from either group of rats and protein expression levels for TRIB3 (a direct ATF4 target) and growth arrest and DNA damage protein 34 [GADD34; also known as PPP1R15A for protein phosphatase 1, regulatory (inhibitor) subunit 15A, which is a downstream target], were not increased. Because CHOP was not detectable in the whole tissue preparations, we also assessed CHOP expression in nuclear extracts. Only basal low levels of CHOP were measured in the nuclear extracts and these levels did not differ for the 2 dietary groups, although they did differ for the fed and feed-deprived states in both diet groups (Fig. 4A) , with expression levels being lower (P # 0.05) in feed-deprived rats than in fed rats.
Discussion
Rats fed the 2SAA diet displayed reduced growth and low cysteine and glutathione levels. Rats in this study were fed a 2SAA diet that provided~70% of the mean SAA requirement for growing rats but was adequate in all other amino acids (23) (24) (25) . The diminished levels of hepatic cysteine and glutathione in rats fed the 2SAA diet demonstrated that the rats were indeed deficient in SAA. Hepatic glutathione levels were reduced to a greater extent (17% of control levels) than hepatic cysteine levels (49% of control), suggesting that body cysteine levels were sustained at the expense of the glutathione pools and most likely that SAA were used preferentially for protein synthesis compared with glutathione synthesis under conditions of dietary SAA limitation. This is consistent with previous reports that glutathione levels become depleted at SAA intakes that are marginal but adequate for sustaining protein synthesis and growth (22, 26) .
Consistent with the inadequate level of dietary SAA and with the well-established effects of essential amino acid-deficient diets on growth of rats, rats fed the 2SAA diet grew more slowly throughout the 7-d experimental period. Over the first 4 d of the dietary treatment period, 2SAA rats gained only 10% as much weight as did rats fed the +SAA diet. This difference was reduced markedly over the subsequent 3 d of treatment, however, with rats fed the 2SAA diet gaining 66% as much weight as did rats fed the +SAA diet. During the first 4 d of the experimental period, the 2SAA rats consumed only 76% as much diet as the rats that continued to be fed the +SAA diet and the reduced food intake undoubtedly contributed to their low weight gain over this period. However, food intake for the subsequent 3 d did not differ between rats fed the 2SAA and +SAA diets. Although food intake of the 2SAA rats increased by only 1.3 g/d (7.8%) between the first and second halves of the experimental period, mean daily weight gain increased by 3.8 g (633%). Thus, the increase in food intake cannot explain the much better growth of rats during the second part of the dietary treatment period. This suggests that the more adequate rate of growth during the latter time period may have mainly been due to metabolic adaptations of the rats to allow growth when consuming the nutrient-limited diet. Such a metabolic adaptation could relate to a suppression of SAA degradation and/or to a more efficient utilization of the limited amounts of SAA. Nevertheless, despite an apparent adaptation to the diet, the mean daily weight gain during the period from d 4 to 7 (expressed relative to d 4 weight) remained less (P # 0.05) for 2SAA rats (3.2 6 0.3 g/100 g body weight) than for +SAA control rats (4.3 6 0.2 g/100 g body weight), which is consistent with the fact that animals cannot completely adapt to a diet lacking in an essential nutrient that they are not able to synthesize.
We did not include a pair-fed control group in this study, because we did not anticipate a difference in food intake between the 2 groups. In previous studies in which rats were fed a SAA-deficient diet that contained 100 g casein/kg, food intake was the same or slightly greater than that of rats fed an adequate diet that contained either 100 g casein/kg diet supplemented with methionine or 200 g casein/kg without SAA supplementation (24, 25) . Nevertheless, because we collected samples on d 8, several days after food intake of the 2SAA rats had returned to levels not significantly different from those for +SAA rats, a major effect of food intake on our results seems unlikely. Some of the consequences of the 2SAA dietary treatment in this study could have been due to the modest early restriction of food intake rather than to the lack of SAA and a pair-fed group or a longer feeding period would be appropriate for any future studies using the 2SAA diet prepared with 100 g soy protein isolate/kg.
Rats fed the 2SAA diet displayed increased phosphorylation of eIF2a. Phosphorylation of eIF2a was clearly induced in liver of intact rats fed the 2SAA diet for 7 d, which is consistent with the activation of a stress-induced eIF2a kinase, presumably GCN2, in response to SAA deprivation. In contrast to previous studies of the role of GCN2 and/or eIF2a phosphorylation in the response of intact animals to amino acid deprivation (16, 27, 28) , the diet used in this study was limiting in, but not devoid of, an essential amino acid. Thus, our results extend the observations in mice to the situation in which the diet is only partially deficient in an essential amino acid (i.e. SAA), to an amino acid pattern that is more representative of that in diets consumed by humans and animals, and to a diet that has been shown to support both growth and longevity (29) (30) (31) .
One of the consequences of eIF2a phosphorylation is a reduction in the rate of protein synthesis. Both absolute liver weight and relative liver weight were lower in rats fed the 2SAA diet than in rats fed the +SAA diet, with the relative liver weights being 3.5 6 0.3 and 4.6 6 0.5 g/100 g body weight for the 2SAA and +SAA groups, respectively. The lower relative liver weight in 2SAA rats is consistent with diminished protein synthesis in liver in response to eIF2a phosphorylation, although, of course, we cannot exclude an effect of protein turnover, because we did not measure synthesis rates directly in this study. Suppression of hepatic protein synthesis might facilitate increased utilization of the limiting amino acid for muscle protein synthesis and growth and this interpretation would be consistent with the observation of no difference in the relative weights of the gastrocnemius and planteris muscles and epididymal adipose depot between rats fed the 2SAA and +SAA diets (data not shown). This interpretation of our data is supported by the earlier work of Anthony et al. (16) with GCN2 knockout mice. Wild-type control mice fed a leucine-free diet for 6 d lost liver mass while preserving muscle mass, whereas GCN2 2/2 mice fed the same leucine-free diet maintained their liver mass but lost muscle mass and lost more body mass than the wild-type mice. Furthermore, the rate of hepatic protein translation was reduced in wild-type but not in GCN2 2/2 mice fed the leucine-free diet, suggesting that translational repression in the liver of rats fed diets limiting in essential amino acids may play an important role in conserving muscle and body mass. Response of rats to amino acid deficiency 1083
Rats fed the 2SAA diet displayed increased expression of proadaptive proteins that are known components of the ISR. Our protein expression data indicate that the eIF2a-P/ATF4-mediated ISR was induced in liver of the 2SAA rats compared with the +SAA rats. In particular, we saw large increases in the relative abundance (amount per g total soluble protein) of ATF4, ATF3, SLC7A11, and CTH, along with smaller fold-increases in ASNS and CARS. ATF4 and ATF3 are important transcription factors that initiate and regulate the ISR, whereas the other proteins are involved in amino acid transport and metabolism and have been reported to be induced under stress conditions that initiate eIF2a phosphorylation (4, 5, 7, (32) (33) (A.K. Sikalidis, J-I. Lee, and M.H. Stipanuk, unpublished data). Induction of genes involved in amino acid uptake and aminoacyl-tRNA synthesis may play an important role in the adaptation of rats to diets limiting in essential amino acids. In the case of SAA deprivation, the strong induction of SLC7A11 (xCT), which is the transporter subunit of the cystineglutamate exchanger X C -, of CARS, the cysteinyl-tRNA synthetase, and of CTH, which is involved in cysteine synthesis from homocysteine and serine as well as in desulfhydration of cysteine, suggests that cysteine utilization is highly regulated under conditions of SAA deficiency.
Rats fed the 2SAA diet did not display increased expression of proapoptopic proteins that are known components of the ISR. Despite the clear induction of eIF2a phosphorylation and increased expression of ATF4, ATF3, ASNS, SLC7A11, CARS, and CTH in liver of the 2SAA rats, several other downstream targets of the eIF2a-P/ATF4 signaling pathway were not induced. Expression of CHOP, which has a wellestablished role in the induction of apoptosis (34-37), was clearly not induced in liver of 2SAA rats, being nearly undetectable, even in nuclear extracts. Consistent with the lack of upregulation of CHOP in liver of rats fed the 2SAA diet, levels of TRIB3 and GADD34 proteins, whose transcriptional induction is dependent upon CHOP (12,13), were not elevated. The lack of increased expression of CHOP, TRIB3, or GADD34 proteins suggests that activation of the GCN2/eIF2a-P/ATF4 signaling pathway does not necessarily result in induction of all downstream target genes and is consistent with the variable induction of mRNA and/or protein levels for ISR genes reported previously for HepG2 cells (11,31) (A. K. Sikalidis, J-I. Lee, and M. H. Stipanuk, unpublished data). Induction of prosurvival and proapoptotic components of the ISR might be anticipated to vary with the degree or type of stress and with whether the ultimate response is cell survival or apoptotic death. In the case of this study, although the stress of a modest SAA deficiency was sustained, rats appeared to effectively adapt and showed no obvious adverse effects other than a slightly lower rate of growth.
Induction of the ISR in response to a marginal intake of essential amino acids could play a role in the beneficial effects of amino acid restriction on longevity in animal models. A number of studies have shown an association of eIF2a phosphorylation with induction of a state of stress resistance in cells (29, 30 ). This study now shows that modest SAA restriction can induce the ISR in liver of intact growing rats. Others have shown that lowering the SAA level in the diet can extend lifespan in rats. Zimmerman et al. (30) reported that lowering the content of SAA in the diet by removing cysteine and restricting the concentration of methionine extended all measured survival variables in various rat strains, and pair-feeding of control rats with a SAA-supplemented diet demonstrated that the increase in survival was not simply due to caloric restriction. Additionally, methionine restriction was shown to decrease mitochondrial oxygen radical production and oxidative damage to mitochondrial DNA and cellular proteins (38) . The postulate that eIF2a phosphorylation in response to modest levels of cellular stress can play a key role in building resistance and tolerance toward subsequently imposed more severe stressful conditions has been supported by a variety of in vitro studies (4, 33, 39, 40) . Additional studies, however, will be required to assess whether mild essential amino acid limitation can result in a more stress-resistant animal and whether enhanced phosphorylation of eIF2a and its downstream consequences contribute to the favorable effects of SAA restriction on longevity. Literature Cited
